We introduce a dynamical mechanism which works with expansion of the Universe during inflation to reduce a large cosmological constant to a sufficiently small value consistent with the observational upper limit. The basic ingredient in this mechanism is that the two metrics characterizing the gravitational coupling of the inflaton and the background geometry are not the same but conformally related. In this analysis the Universe experiences a power-law inflation at early times when a power-law potential is attributed to the inflaton. We argue that there is no the graceful exit problem in this scenario and that it is not in tension with observations. In particular, we show that the tensor-to-scalar ratio and the primordial tilt are in complete agreement with recent observations of the Planck satellite.
Introduction
It is generally believed that some of the problems of standard cosmology have find natural solutions if we assume that the Universe has passed through a de sitter expansion phase at early stages of its evolution. Moreover, existence of such an inflationary era provides an explanation for origin of Cosmic Microwave Background anisotropies and large scale structures in the Universe. Inflation is not a unique theory. It is a class of models which have common features and are based on similar ideas and principles. Old [1] and new [2] inflationary models were based on the assumption that the Universe from the very beginning was in a state of thermal equilibrium and that inflaton (or the Higgs field) acquired a large amount of energy density through spontaneous symmetry breaking of an appropriately chosen effective potential. Chaotic inflation [3] [4] , on the other hand, was based on evolution of different possible distributions of a scalar field without making ad hoc assumptions on the shape of the potential function. While these single-field inflationary models assume that energy density of the Universe is dominated by a sufficiently flat potential of the scalar field, in the so-called assisted inflationary scenario [5] it is shown that inflation occurs even for steep potentials if many scalar fields come into play. Although inflation is a successful mechanism for solving some cosmological puzzles such as flatness, horizon and monopole problems, it does not provide any explanation for the cosmological constant problem. The latter concerns huge discrepancy between theoretical estimation and observational value of the vacuum energy density. Current observations set [6] an upper bound on vacuum energy density which is equivalent to ρ Λ ∼ 10 −47 GeV 4 , while theoretical predictions are 120 order of magnitude larger than this observational bound. Some inflationary scenarios require such a large vacuum energy density to drive enough inflation. This suggests the possibility that the cosmological constant may not have an extremely small value suggested by observations at all times and it may actually have a value consistent with the theoretical predictions at early times. Along this line of thought one may conclude that there should exist a dynamical mechanism working during evolution of the universe which provides a cancelation of the vacuum energy density at late times [7] . In the present note, we would like to investigate this possibility. Our analysis is based on two assumptions. The first one is that there is a large vacuum energy density at early times according to the theoretical estimations which drives inflation. Cosmological constant receives contributions from various fields introduced by particle physics. We do not concern details of such contributions but it may be, for instance, due to spontaneous symmetry breaking in the Higgs sector. The second assumption is related to gravitational coupling of this vacuum energy density. We will consider the case that this energy density couples with the metric which is conformally related to the one which defines the gravitational sector. We will show that this kind of coupling (anomalous gravitational coupling) of vacuum energy density drives a power-law inflation. Due to this anomalous coupling, the conformal factor appears as a damping factor in the cosmological term which leads to reduction of the latter during inflation. We organize this paper as follows: In section 2, we will review the basics of PLI. In section 3, we present our model concerning the anomalous gravitational coupling. We will write the field equations and find their solutions. These solutions exhibit power-law inflation for power-law potential of the inflaton. We also compare the results of the model with recent observations of the Planck satellite. In section 4, we draw our conclusions.
Slow-roll inflation
Standard inflationary models consist of an inflaton field described by the Lagrangian density
The function V (φ) is the corresponding potential. This Lagrangian density together with the Einstein-Hilbert term give the total action functional †
where κ = 8πM
with M p being the Planck mass. The time evolution of the homogeneous mode of the inflaton φ(t) and the scale factor a(t) of a homogeneous and isotropic Universe † We work in the unit system in whichh = c = 1.
are governed by
where H =˙a a and overdot and prime indicate differentiation with respect to t and φ, respectively. Slow-roll approximation is usually applied by requiring smallness of the parameters [8] 
Smallness of these potential slow-roll parameters justify ignoring the first and the second timederivatives of φ in equations (3) and (4). The approximation ǫ V << 1, which is equivalent to 1 2φ
2 << V (φ), leads to 3H 2 ≈ κV (φ). For φ ≈ const., the scalar field has a constant energy density which leads to a de sitter solution for the scale factor. A non-exponential accelerated expansion may work as well as this standard picture [9] [10]. In particular, powerlaw expansion corresponds to a(t) ∼ t p which for power-law inflation (PLI) we must have p > 1. It is well-known that this kind of solution can be found when the scalar field has an
) with V 0 being a constant [11] . In this case, (5) and (6) correspond to
Slow-roll approximation requires that {ǫ V , η V } << 1 which gives p >> 1. In standard picture, inflation ends when the slow-roll approximation is no longer valid. In PLI, p is a constant and it is not clear that how inflation ends. An exit mechanism should be added to the whole scenario in order that expansion proceeds and joins to the standard hot Big Bang model. Two important quantities that parameterize inflationary models are scalar spectral index n s and tensor-to-scalar ratio r of primordial spectrum which are related to the slow-roll parameters by
In terms of the exponent of the scale factor in PLI, we have
The Planck data are robust to the addition of some external data sets. For instance, the Planck data combination with the Wilkinson Microwave Anisotropy Probe (WMAP) require that the value of n s to be in the range n s ∈ [0.94, 0.98] and r < 0.11 [12] . The observational bound on n s can be translated into 0.48 ≤ r ≤ 0.16 which lies above the aforementioned limit on r. This situation is shown in fig.1 by the dashed line which is completely outside of the contour given by Planck+WP data. The lack of existence of a graceful exit from inflationary era and the tension with observations may be regarded as two important drawbacks of PLI. This encourages people to refine the inflaton Lagrangian density so that the inflationary parameters be in agreement with the observational bounds [13] .
The Model
Following the standard picture of inflationary models, we consider a minimally coupled scalar field described by the lagrangian density (1). According to our first assumption, the potential of the inflaton φ contains a large effective mass corresponding to a large cosmological constant. Our second assumption is that the inflaton part of the total action belongs to a different conformal frame, defined byḡ
In general, σ is a smooth, dimensionless and spacetime-dependent function. Therefore, we write the Lagrangian density of the inflaton in the following form
The total action is then
In terms of the background variables (g µν , φ), (15) takes the form
Putting this Lagrangian density into (16), gives
This is the Lagrangian density of two dynamical scalar fields with a mixed kinetic term [14] [15]. Such a system is used in Literature to formulate assisted quintessence [16] and to improve dark energy models [15] [17].
To put forward slow-roll inflation, we consider the case that φ ≈ const. This reduces (18) to
It is important to notice the exponential coefficient in front of the potential function. If σ is an increasing function of time this coefficient acts as a damping factor which reduces any mass scale contributing to the potential. As an illustration, let us consider the following monomial potential
with n and λ being constants and λ << 1. Thus (19) takes the form
Variation with respect to g µν and σ gives the field equations which in a spatially flat FriedmannRobertson-Walker cosmology take the form
where σ is taken to be only a function of time in a homogenous and isotropic Universe. The solution is
where p = (7) and (8), we obtain
This is plotted in fig.1 for different values of n. The figure indicates that while power-law inflationary model with exponential potential remains outside the region allowed by Planck+WP data in {r, n s } space, the model (21) is in agreement with these observations. [12] . The dashed line corresponds to power-law inflationary models with exponential potentials.
Conclusion
Inflation contains a family of different models which try to solve some cosmological puzzles. The standard inflationary models use a minimally coupled canonical scalar field with an appropriately chosen potential function. Even though some of these models are based on existence of a large cosmological constant at early times, they do not provide any explanation for smallness of the latter at late times. In this note we have investigated a single inflaton which is anomalously coupled with gravity. This means that the metrics in the gravitational and inflaton parts belong to two different conformal frames. Anomalous gravitational coupling of inflaton has novel features in inflation. We summerize the main results in the following : 1. Since the potential of the inflaton contains large mass scales, this kind of gravitational coupling can lead to reduce them during the inflationary phase. Thus it provides a dynamical mechanism to reduce a large cosmological constant to a sufficiently small value. 2. We have shown that the Universe experiences a power-law inflation for a power-law potential. In standard PLI with exponential potential there are two important drawbacks: graceful exit problem and the tension with recent observations. Both these problems find natural ex-planations in our analysis. The energy density of inflaton is not a constant (even for φ ≈ const.) and decays with expansion of the Universe. In sufficiently late times, this energy density will not be dominated over other forms of energy densities in the Universe. Thus the slow-roll approximation will be no longer hold and inflation ends. We have also shown that the values of tensor-to scalar ratio and the primordial tilt are in agreement with Planck+WP data.
